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Abstract 25 26 The microbiome serves important functions in human health, and postmortem, the 27 microbial signatures of colonized organ tissue could be useful in helping to predict the 28 manner of death in cases where this information is not known. We surveyed the 29 microbiota (16S rRNA V4 amplicon sequencing) of 265 organ tissue samples including 30 liver, blood, brain, heart, prostate, spleen and uterus from cadavers in Italy, Finland and 31 the United States with confirmed manners of death comprising either accidental death, 32 natural death, homicide, and suicide. Geographic locality (i.e. nationality) had a strong 33 effect on observed microbial composition. Differing PERMANOVA results between 34 unweighted and weighted UniFrac (nearly inverse results) suggest that specific bacteria 35 may be associated with ethnicity and age, but that these differences are negligible when 36 taking into account the relative abundance of bacterial taxa; weighted UniFrac measures 37 suggest that although taxonomic composition may not vary significantly between 38 different manners of death, PMI, or BMI categories, the relative abundance of specific 39 taxa vary significantly. Various tissues exhibit differential associations with bacteria, and 40 prostate and uterus were substantially different compared to other organs. For example, in 41
Italian cadavers, the bacteria MLE1-12 permeated nearly all tissues, except the prostate 42 and uterus. We identified specific bacterial ASVs as biomarkers of either natural or 43 accidental death and suicide, but not for homicide. While the manner of death may have 44 an impact on microbial associations, further investigation under more controlled 45
Introduction 64 65
During life, the microbiome serves important health-related functions including 66 nutrient acquisition, pathogen defense, energy salvage, and immune defense training (1). 67
The microbiome has also been linked to cardiovascular, metabolic and immune disease, 68 as well as mental health disorders via the gut-brain-axis (2). Upon death, microbial 69 communities present within and on the body are exposed to radical environmental 70 changes, and recent studies have shown that microbial succession among mammalian 71 cadavers follows a metabolically predictable progression (3, 4) . 72
Forensic microbiology represents a potential emerging discipline in which 73 microorganisms serve as forensic tools or trace evidence. Advances in DNA sequencing 74 technologies paired with increased understanding of the human microbiome have hinted 75 at the possibility that the microbiome could be used as a biomarker of decay (3) and as 76 trace evidence to link individual people to objects they have previously interacted with 77
(5-9). Recent studies have also shown that the microbiome can be used to estimate the 78 amount of time that has elapsed since death, referred to as the postmortem interval (PMI), 79 allowing investigators to establish a potential timeline of death (3, (10) (11) (12) (13) (14) (15) (16) . 80
The microbial composition and abundance associated with internal organ tissues 81 are dependent on temperature, manner/cause of death, and PMI, since bacteria have 82 different growth optima based on the physicochemical constraints of their environment 83 (17) (18) (19) . Also microbial abundance associated with the body antemortem can play a role 84 in decay, as a cadaver of an aged adult human, with approximately 40 trillion microbial 85 cells, decays more rapidly than a deceased fetus or newborn, which usually have reduced 86 microbial colonization density (20) . Of course, these trends are contingent upon the 87 medications and disease state of the individual. 88
Here we investigate the extent to which microbial associations among different 89 organs in human cadaver can be used to predict manner of death (MOD), PMI, and 90 geographic locality of origin. By sampling human cadavers from three disparate 91 geographic origins (Finland, Italy, and the United States), we were able to ascertain that 92 geographic locality has a significant influence on microbial community composition of 93 postmortem tissues, and that despite these differences, commonalities may still be 94 identified both among tissues, and individuals who died due to varying causes of death 95 (e.g. natural, accidental, homicidal, and suicidal deaths). We were unable to detect 96 significant correlations between various samples and the postmortem interval, likely due 97 to the fact that the sampling regimen was optimized to capture variation among 98 geographic locality, organ type, and manner of death. Significant patterns were observed 99 in this study associated with geography and manner of death warrant reinforcement from 100 additional investigations to elucidate the origin of these associations. We collected 265 samples of multiple organs from corpses derived from Finland, 161
Italy, and the United States (Table S1 ). Sampling spanned PMIs of 3.5 to 432 hours (avg 162 = 87.6 hours) and included tissues from cadavers corresponding to different manners of 163 death grouped into four categories: accidental death (n = 88), natural death (n = 106), 164 homicide (n = 23), and suicide (n = 45) ( Table 2 ). In total, 4,337,301 16S rRNA V4 165 amplicon sequencing reads were generated from 265 samples, comprising 2,204 ASVs. 166
Following sequence deblurring and rarefaction analysis (5,000 read per library cut-off), 167
we identified 1,855 ASVs across 163 remaining samples ( Shannon diversity index, differed significantly between some but not all organs and 178 varied by locality (both, p < 0.05, Kruskal-Wallis). Post-hoc tests (corrected for multiple 179 comparisons using the Benjamini-Hochberg method) revealed that among Italian 180 subjects, the prostate and uterus differed significantly from all other organs (brain, heart, 181 liver, and spleen) in both observed richness (p < 0.05, Dunn's Test) and Shannon 182 diversity (p < 0.05, Dunn's Test), but they did not differ significantly from each other 183 ( Fig. 1A and 1B ). Among subjects from the United States (USA), the only organs that 184 differed significantly by Shannon diversity were heart and liver (p = 0.032, Dunn's Test), 185
and no organs differed significantly by observed richness (Fig.1A) . A comparison of 186 alpha diversity measures for liver samples from all three localities (Finland, Italy, USA) 187 identified significant differences in both observed richness and Shannon diversity 188 between liver tissue from Finland and the USA (p < 0.05, Dunn's Test), and Finland and 189 Italy (p < 0.05, Dunn's Test), but not between Italian and US livers (Fig. 1C Test), and natural deaths and suicides (p = 0.000, Dunn's Test), but not between 199 homicides and suicides, natural deaths and accidents, or accidental deaths and homicides 200 ( Fig. 2B) . 201
Using linear regression of alpha diversity against PMI, the only significant 202 associations observed were among Italian spleens (observed richness: p = 0.016, R 2 = 203 0.48; Figure S1 ) and Finnish livers (Shannon Index: p = 0.021, R 2 = 0.22; Figure S2 ). 204
Similarly, we found little evidence for a correlation between BMI and bacterial alpha 205 diversity among organs, with the exception of the Italian prostate (observed richness: p = 206 0.019, R 2 = 0.35; Figure S3 ; Shannon Index: p = 3.58 e -05, R 2 = 0.62; Figure S4 ) and the 207 US spleen (Shannon Index: p = 0.017, R 2 = 0.47; Figure S4 ). 208 209 3.3 Beta diversity 210 211 Analysis of beta diversity, using unweighted UniFrac, found a strong effect of 212 geographic locality on postmortem bacterial community composition (Fig. 3A) , whereby 213 the microbial composition and compositional proportion were significantly different 214 between each country (PERMANOVA: unweighted UniFrac, p = 0.001, R 2 = 0.18; 215 weighted UniFrac, p = 0.001, R 2 = 0.12). No clear differences in beta diversity were 216 visible by organ type (Fig. 3B ) or organ type within each country, except for the uterus 217 and prostate differing from all other organs in Italy (Fig. 3C ), although, organ was 218 technically a significant predictor of beta diversity (PERMANOVA: unweighted 219 UniFrac, p = 0.001, R 2 = 0.08; weighted UniFrac, p = 0.001, R 2 = 0.06). Controlling for 220 locality as a confounding variable, PERMANOVA analyses of weighted and unweighted 221
UniFrac diversity metrics identified a number of variables significantly associated with 222 microbial beta diversity, though these variables differed between the two metrics ( Table  223 3 Analysis of composition of microbiomes (ANCOM) between different localities, 231 organs, and manners of death identified significant differences in relative abundance 232 (measured as the log2fold change in 16S rRNA ASV read counts) of multiple bacterial 233 taxa. Assessing differences between localities (controlling for age, sex, BMI, PMI, 234 ethnicity, and organ), we found that Finnish cadavers exhibited enrichment of two ASVs 235 in the class Bacilli, as well ASVs belonging to the Alphaproteobacteria and 236
Gammaproteobacteria, relative to cadavers from Italy and the United States (p < 0.05, 237 ANCOM). Among Italian cadavers, we observed enrichment for ASVs in the classes 238 Saprospirae, 4C0d-2 (phylum Cyanobacteria), Betaproteobacteria, Gammaproteobacteria, 239
and Gemmatimonadetes (p < 0.05, ANCOM). And among US cadavers, we observed a 240 significant enrichment in ASVs annotated to the class Clostridia, as well as enrichment of 241 several ASVs belonging to the classes Alphaproteobacteria, Bacilli and Bacteroidia (p < 242 0.05, ANCOM) ( Fig. 4 ; Table S2 ). 243
Analysis of differences in bacterial relative abundance between organs 244 (controlling for age, sex, BMI, PMI, ethnicity, and locality) found increased proportion of 245 a single Clostridia ASV (family Peptostreptococcaceae) in the blood, and a single 246
Gammaproteobacteria in the heart (family Pseudomonadaceae, Pseudomonas sp.). 247
Among brain tissue, a number of bacterial taxa were found to be underrepresented 248 relative to all other organs, and none were found to be significantly enriched. Both liver 249 and spleen exhibited an increased relative abundance of a bacterial ASVs in the class 250 4C0d-2 (order MLE1-12, unknown family), as well as Sphingomonas yabuuchiae (family 251 Sphingomonadaceae). Other bacterial ASVs enriched in both the liver and spleen 252 included those from classes Betaproteobacteria (specifically a single ASV in the family 253 Rhodocyclaceae), Clostridia (specifically a single ASV in the family 254 Peptostreptococcaceae), and Saprospirae (specifically two ASVs in the family 255
Chitinophagaceae, and one ASV in the genus Sediminibacterium). The liver and prostate 256 were both enriched for two ASVs in the class Bacteroidia, one in the family 257
Comamonadaceae (genus Limnohabitans) and another in the family Oxalobacteraceae 258 (unknown genus). The liver alone was enriched for several bacterial taxa not seen in 259 other organs, including a Clostridia ASV in the family Lachnospiraceae (genus Blautia), 260
an Alphaproteobacteria ASV in the order Rhizobiales (unknown family), and a 261 Gammaproteobacteria in the family Enterobacteriaceae (genus Salmonella). Uterine 262 tissues were enriched for only two ASVs, which were not found to be enriched in any 263 other organs, including a single ASV in the class Bacilli (family Lactobacillaceae, genus 264
Lactobacillus) and a single ASV in the class Gammaproteobacteria (family 265
Enterobacteriaceae, unknown genus). Lastly, among prostate tissues we found a 266 significant underrepresentation of the same 4C0d-2 ASV (order MLE1-12) observed in 267 both liver and spleen, and a single Clostridia ASV (family Lachnospiraceae, unknown 268 genus) relative to all other organs (except for brain, which was also depauperate with 269 respect to the 4C0d-2 ASV) ( Fig. 5 ; Table S3 ). 270
A number of unique associations between ASVs and manner of death (controlling 271 for age, sex, BMI, PMI, ethnicity, locality, and organ) were observed. For natural deaths, 272 this included an enrichment of the same ASV in class 4C0d-2 (order MLE1-12) 273 mentioned previously, as well as enrichment for single ASVs in the classes Bacilli 274 Alphaproteobacteria (order Rhizobiales) with significantly different relative abundance 292 among manner of death categories was found to be enriched in suicide victims as well 293 ( Fig. 6 ; Table S4 ). 294 295
Discussion 296
In this investigation we have compared existing data and newly collected samples from 297 different organs associated with cadavers from Italy, Finland and the United States of 298
America. We demonstrate that both the microbial alpha and beta diversity shows 299 differential associations between organ tissue type, country or origin, and manner of 300 death; but PMI and BMI show very few significant associations. However, the lack of 301 consistency of the association of microbial diversity with these cadaver metrics suggests 302 that neither alpha or beta diversity metrics would be reliable predictors of country of 303 origin or manner of death. However, we did identify specific bacterial taxa that were 304 enriched in differential organs, and that were significant associated with both country of 305 origin and manner of death. This suggests potential biomarkers of manner of death could 306 be possibly validated through further and independent experimentation, observation and 307
validation. 308
A previous microbial survey of internal organ tissues (e.g., brain, heart, liver, and 309 spleen) of four cadavers, associated with a homicide, suicide, over-dose, and accidental 310 death cases, demonstrated that the obligate anaerobe, Clostridium was found in cadavers 311 of varying PMIs, while the facultative anaerobe, Lactobacillus, was more abundant in 312 cadavers with shorter PMIs (12). Other investigations performed exploratory analyses of 313 bacteria present in mouth and rectal scrapings taken at the onset and end of the bloat 314 stage of corpses decomposing in a natural setting (32). However, internal organs were not 315 sampled across time points in this study. Another postmortem microbiome study of 33 316 bodies was conducted using bacterial culturing and reverse transcriptase quantitative PCR 317 (RT-qPCR) techniques to profile the microbes in blood, liver, portal vein, mesenteric 318 lymph node, and pericardial fluid, and identified 21 genera, with the most abundant being 319
Staphylococcus sp., Streptococcus sp., Clostridium sp., Enterococcus sp., and 320
Escherichia sp. (33) 321
We identified many different taxa as being associated with manner of death, 322
including Lactobacillus, Enterobacteriaceae, Sediminibacterium, Blautia, Rhizobiales, 323
and Clostridium. In several recent postmortem microbiome studies, the clostridia were 324 observed to proliferate postmortem (11, 12) , potentially in part due to an increase in 325 available nutrients and energy obtained from fermentation reactions (34). Most 326 Clostridium spp. grow strictly in the absence of oxygen and a doubling time of 7.4 327 minutes (35) which may explain why they so easily colonize the still anaerobic body 328 cavity postmortem. The presence of species of Lactobacillus, Enterobacteriaceae, and 329
Blautia may be similarly explained. However, the enrichment of Sediminibacterium and 330
Rhizobiales in natural deaths and suicides respectively, which are traditionally associated 331 with soil, is harder to understand but may represent colonization by environmental 332 bacteria. 333
In conclusion, we have identified a number of taxa that may be predictive of 334 manner of death, but this result needs substantial independent validation, and further 335 controlled studies to determine whether the associations are based on biological 
